ABSTRACT
INTRODUCTION
The causes of schizophrenia remain unclear, despite intense research. Extensive studies on disease-susceptibility genes have focused on functional polymorphisms that induce alterations to the encoded amino acid sequences.
However, the results of multiple linkage analyses have not clarified the underlying etiological factors associated with schizophrenia.
Epigenetic modifications of chromatin are widely accepted to play key roles in the regulation of gene expression, in both the activation and silencing of genes. In higher eukaryotes, DNA is methylated at cytosines located 5' to guanosine in the CpG dinucleotide [1] . This modification has important regulatory effects on gene expression, particularly when involving CpG-rich areas known as CpG islands, located in the promoter regions of many genes [2, 3] . Extensive methylation of CpG islands has been associated with transcriptional inactivation of selected imprinted genes [4, 5] and genes on the inactive X chromosome of females [6, 7] .
Evidence has been accumulated from substantial observations of identical twins that epigenetic factors play important roles in the pathogenesis of schizophrenia [8] . Recent studies using postmortem brains of schizophrenia subjects have provided novel findings indicating that epigenetic factors are associated with biological markers that appear to be aberrantly regulated in the brains of subjects with schizophrenia [9] [10] [11] .
Monoamine Oxidases (MAOs) are enzymes of the mitochondrial outer membrane, and are present as two isoforms, MAOA and MAOB [12, 13] . These enzymes are encoded by separate genes that are closely linked in opposite orientation on the X chromosome. MAOA and MAOB exhibit distinct differences in substrate selectivity and inhibitor sensitivity and play different roles in neurotransmitter metabolism and behavior. MAOA shows a preference for serotonin, norepinephrine, and epinephrine as substrates, whereas MAOB shows a preference for phenylethylamine. Both isoforms break down dopamine. Regional localization of MAOA, MAOB positive fibers, terminals and glia were found in many brain areas including cerebral cortex, corpus striatum and hippocampus [14] .
Early in 1970's, reduced MAO activity was reported in the blood platelets of schizophrenic patients [15] and they later suggested that reduced MAO activity might be a genetic marker for vulnerability to schizophrenia [16] . The loss of both MAO genes may be involved in the severe mental retardation of some subjects with Norrie disease [17] , and the MAOA gene has been considered a candidate gene in various central nervous system disorders including abnormally exaggarated aggression [18] [19] [20] and attention deficit hyperactivity disorder [21] [22] [23] . Since the MAO genes are located on the X chromosome, males inherit a single allele, and thus display a hemizygous genotype. In females, random transcriptional silencing of one of the two X chromosomes occurs as dosage compensation during late blastocyst development [24, 25] .
To assess epigenetic factors in schizophrenia, as a first step we used the method of bisulfite sequencing to determine patterns of methylation in genomic DNA extracted from postmortem brains. We chose the promoter regions of the MAOA and MAOB genes for this analysis, since these genes are on the X chromosome, and ~50% methylated alleles can be expected in female samples. We further compared patterns of methylation in four different brain regions. The results of this study suggest that postmortem brains are quite useful for analyzing DNA methylation with the bisulfite sequencing method, and that methylation patterns may vary among regions of brain in female normal subjects and female subjects with schizophrenia.
METHODS

Ethics Statement
The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Fukushima Medical University. All subjects participated after giving informed written consent.
Subjects
Postmortem brain tissues of six subjects with schizophrenia were donated by the Postmortem Brain Bank of Fukushima for Psychiatric Research, including tissue from six individuals who had previously been diagnosed with schizophrenia. Postmortem brain tissues of seven normal subjects were obtained from the brain bank of The Netherlands. Schizophrenia was diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders fourth edition (DSM-IV). We obtained brain tissues from four different regions of postmortem brain: Brodmann area 9/46 (BA9/46) of prefrontal cortex (PFC) which is implicated in higher cognitive functions [26] ; hippocampus (HIP) which is associated with delusions and hallucinations [27] ; nucleus accumbens (NAc) where dopamine degrading enzyme, MAOB was highly expressed in the rodent [28] and BA19 of occipital cortex (OCC). In all cases, tissue samples were stored at −80˚C prior to experiment. Cases with a significant history of drug or alcohol abuse or neurological disorder, head injury, or a postmortem interval (PMI) of >48 h were excluded. No significant difference in age at death was seen between normal subjects and subjects with schizophrenia. Additional demographic data including sex, age, cause of death, PMI, subtype of disease, doses of antipsychotic medications, and disease duration are summarized in Table 1 . 
Bisulfite Sequencing Analysis
Genomic DNA was extracted using a Blood & Cell Culture DNA Midi Kit (Qiagen GmbH, Hilden, Germany) and subsequently employed for bisulfate-assisted sequencing. Bisulfite modification of genomic DNA was performed as described previously [29] . Briefly, 5 µg of genomic DNA suspended in 50 µL of water was incubated at 95˚C for 10 min, and then at 37˚C for 30 min with 1.5 µL of 10 M NaOH. The solution was further incubated overnight at 55˚C following the addition of 310 µL of 5 M sodium bisulfite, 2.5 µL of 0.1 M hydroquinone, and 136 µL of water in a final volume of 500 µL. After modification, DNA was purified using a Wizard DNA clean-up System (Promega BioSciences, San Luis Obispo, CA, USA), and desulfonated with 0.3 M NaOH for 15 min at 37˚C. The bisulfite-treated DNA was then amplified by polymerase chain reaction (PCR) using the following primers: 5'-ATTTTTAGTGTTTAGTTTTTTTTGGGGTTT-3' (MAOA sense, −318 to −289) (GenBank ID: NM-000240) and 5'-AAAAAAACCCTTCTATCAACTCCCC-3' (MAOA antisense, +125 to +101), and 5'-TGTATTAGGGAGGTTGATGGGAAAA TAT-3' (MAOB sense, −198 to −171) (GenBank ID: NM-000898) and 5'-CTCCCCCAAACAACCACCTATC-3' (MAOB antisense, +286 to +265). PCR amplification of MAOA was performed for 40 cycles of 30 s at 95˚C, 1 min at 63˚C, and 90 s at 72˚C, with a final extension at 72˚C for 10 min. PCR amplification of MAOB included 40 cycles of 30 s at 95˚C, 1 min at 55˚C, and 90 s at 72˚C, with a final extension at 72˚C for 10 min. PCR products were then cloned using the TOPO TA cloning Kit (Invitrogen, Carlsbad, CA, USA), and 10 clones for each independent sample were sequenced.
Statistical Analyses
Statistical significance between two groups and among multiple groups was evaluated using Student's t-test and Tukey-Kramer test after F-test or one-way analysis of variance, respectively. All values are expressed as the mean  standard error of the mean (s.e.m.).
RESULTS
DNA Methylation Status of MAOA and MAOB Genes in Four Brain Areas
To address the involvement of DNA methylation status of MAOA MAOB genes in schizophrenia, we examined DNA methylation in different regions of postmortem brains of normal subjects and subjects with schizophrenia ( Table 1) . Some CpG islands are found in the 5' regulatory region of the human MAOA (Figure 1(a) ) and MAOB (Figure 1(b) ) genes, and we examined the DNA methylation status of CpG islands containing a transla- leles from either active or inactive X chromosomes without distinction. In females, various patterns of methylation were observed in samples from normal subjects (Figure 2(a) ) and subjects with schizophrenia ( Figure  2(b) ). Many non-methylated alleles and a few 100%-methylated alleles in which all CpG sites were methylated were observed. Among DNA samples tested, overall level of methylation varied from 48% (MAOA, HIP, normal subject #2) to 0% (MAOA, NAc, normal subjects #1, #2, and #4). Conversely, levels of methylation for both MAOA and MAOB genes were quite low in males (Figures 2(c) and (d) ). Although only DNA samples from NAc of 2 male normal subject brains (Figure 2(c) ) were analyzed, no methylation sites were detected in the MAOA gene, and a little extent of DNA methylation was seen in the MAOB gene. Similar results were obtained for four different brain regions of 3 male subjects with schizophrenia (Figure 2(d) ). Some highly methylated alleles of the MAOA gene were observed in NAc, PFC, and OCC, and of the MAOB gene in NAc and PFC in males (Figures 2(c) and (d) ).
As few methylated CpG sites were observed in both MAOA and MAOB genes of normal subjects and subjects with schizophrenia among males, we focused on the comparison of methylation of MAOA and MAOB genes between the two groups in females.
Total Level of Methylation in Each Brain Area in Females
The findings for methylation in females shown in Open and closed triangles indicate results for female normal subjects and female subjects with schizophrenia, respectively. Significance of differences was evaluated using Student's t-test ( ** p < 0.01, * p < 0.05); (c) Levels of methylation for the MAOA gene in female normal subjects and female subjects with schizophrenia were calculated from individual results, and expressed as mean  s.e.m.; (d) Levels of methylation for the MAOB gene in female normal subjects and female subjects with schizophrenia were calculated from individual results, and expressed as mean  s.e.m. Four different color columns indicate results for four different brain regions: NAc; HIP; PFC and OCC in normal subjects and subjects with schizophrenia, respectively. Significance of differences was evaluated with Student's t-test ( * p < 0.05).
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were <1% (0% -0.95%) in all NAc samples derived from normal subject brains, but 26% (range, 11% -46%) in NAc of subjects with schizophrenia (Figures 3(a) and (c)). Notably, almost no methylation was observed in normal subject NAc, although no significant difference was apparent between control and schizophrenic groups in level of methylation in NAc (Figure 3(a) ). Similar results were obtained for the MAOB gene (Figures 3(b)  and (d) ). In NAc, levels of methylation of the MAOB gene were low (0.22% -2.4%) in normal subject, but varied among schizophrenia from 1.3% to 27% (Figure  3(b) ). Conversely, a significant difference (p < 0.01) in MAOA gene methylation in PFC was seen between the two groups, with 19% (14% -21%) in normal subjects and 28% (27% -29%) in subjects with schizophrenia (Figure 3(a) ). A significant difference (p < 0.05) between groups was also detected in MAOB gene methylation in PFC, with 3.3% (0% -5.7%) in normal subjects and 12% (7.4% -17%) in subjects with schizophrenia ( Figure 3(b) ). However, we detected no significant difference between the two groups in terms of methylation in HIP or OCC. Conversely, we found differences in methylation status among the four regions examined in normal subjects (Figures 3(c) and (d)) . In particular, level of methylation in NAc was lower than that in HIP for the MAOA gene (Figure 3(c) ), while levels of methylation in NAc and PFC were lower than in OCC for the MAOB gene (Figure 3(d) ). However, no differences in methylation status were found among brain regions in subjects with schizophrenia.
Degrees of MAOA and MAOB Allele Methylation in Four Brain Regions among Female Subjects
We next compared the appearance of highly methylated alleles in normal and schizophrenic brains in females. We defined alleles in which >30% of CpG sites within each allele were methylated as highly methylated alleles and counted the number of such sites for four brain areas in the two groups. A significant difference was observed between groups in the frequency of highly methylated alleles in NAc for MAOA gene and in NAc and PFC for MAOB gene, while no significant difference between groups was found for HIP and OCC. In the case of the MAOA gene, 0/40 (0%) and 11/30 (33%) of all alleles in NAc were highly methylated in normal subjects and subjects with schizophrenia, respectively (Fisher, p = 0.000). Similar results were obtained for the MAOB gene, with 0/40 (0%) and 8/30 (27%) of all alleles in NAc (Fisher, p = 0.001), and 0/40 (0%) and 5/30 (17%) of all alleles in PFC (Fisher, p = 0.012) highly methylated in normal subjects and subjects with schizophrenia, respectively.
DNA Methylation Analysis for Each CpG Site
We further compared overall levels of methylation in terms of each CpG site for the MAOA and MAOB genes in normal subjects and subjects with schizophrenia (Figure 4) , and some significant differences between groups were found in MAOA within NAc and PFC, and MAOB within HIP and PFC.
Correlation between Dosage and DNA Methylation
Lastly, we examined possible drug effects on methylation of MAOA and MAOB genes, and no correlation was seen between the chlorpromazine-converted (CP) neuroleptic dosage and the degree of DNA methylation of MAOA and MAOB genes.
DISCUSSION
The present study successfully analyzed DNA methylation using DNA samples purified from various regions of postmortem brain with a bisulfite sequencing method, and demonstrated that various patterns of methylation are present in DNA samples and that levels of methylation differ between the sexes and among brain regions in normal subjects and subjects with schizophrenia. Although very few methylated CpGs were present in regions of the DNA samples examined in males (Figures  2(c) and (d) ), in the case of females, levels of methylation were quite low in NAc in normal subjects, and a significant difference in methylation at PFC was detected between normal subjects and subjects with schizophrenia. These are novel and invaluable epigenetic findings. Further surveys of differentially methylated genes could increase our understanding of altered gene expression and clinical phenotypes in schizophrenia.
Methylation Level of MAO Genes on X Chromosome and X-Inactivation
We expected methylation levels of ~50%, since one X chromosome in females is methylated and inactivated. As expected, we detected levels of methylation varying from 0% to 50% among genes and regions of the brain in females. In particular, one striking finding was that levels of methylation in both MAOA and MAOB genes were extremely low in NAc of normal subjects (Figures 3(a)  and (b) ). These low levels of methylation were also observed in the MAOB gene in other regions of brain of normal subjects. These findings indicate that not all CpG sites are always methylated on the inactivated X chromosome in females, and suggest that methylation level varies among cell types and brain regions in humans. In this respect, Carrel and Willard have reported important Figure 4 . Summary of methylation status at each CpG site in females. Overall levels of methylation at each CpG site for MAOA (left panels) and MAOB (right panels) were calculated from the results shown in Figure 2 , and compared among the four brain regions from normal subjects and subjects with schizophrenia. (a) and (e) NAc; (b) and (f) HIP; (c) and (g) PFC, (d) and (h) OCC. findings on heterogeneity of expression in the female X chromosome in 2005 [30] . About 15% of X-linked genes were found to escape inactivation to some extent, and the proportion of genes escaping inactivation differed among regions of the X chromosome. In addition, 10% of X-linked genes exhibited variable patterns of inactivation and were expressed to various extents on some inactive chromosomes. Since MAO genes are located quite close to the region reported to escape X-inactivation, our finding that levels of methylation of MAO genes in all DNA samples examined were much lower than 50% is understandable.
On the other hand, we detected only a few methylated CpGs in male samples. According to twins study, the methylation level of MAOA gene is also low in male sample [31] . It is necessary to clarify other regulatory mechanisms for male subjects. For example, in 2009 Wu et al. found that a transcriptional complex encoded by the sex-determining region Y (SRY) gene located on the Y chromosome and the specificity protein 1 gene located on chromosome 12 play significant roles in MAO production in the BE(2)C human male neuroblastoma cell line [32] .
Methylation Level for MAOs is Higher in Schizophrenia than in Normal Subjects
An association of aberrant DNA methylation in post-mortem brains with the pathogenesis of schizophrenia has recently been demonstrated by Grayson et al. in 2005 [33] . They noted that down-regulation of glutamic acid decarboxylase 67 and reelin at both mRNA and protein levels was the most consistently replicated finding in the postmortem cortex from subjects with schizophrenia, and finally concluded that hypermethylation in the promoter of the reelin gene is a major cause of such down-regulation. The present study detected some differences in DNA methylation in the MAO genes between normal and schizophrenic brains, although little direct evidence has suggested that MAO gene products are involved in producing the phenotype of schizophrenia. In our study, in PFC, levels of methylation in both the MAOA gene (p < 0.01) and MAOB gene (p < 0.05) were significantly higher in subjects with schizophrenia than in normal subjects (Figures 3(a) and (b) ). Moreover, levels of methylation in NAc from schizophrenic brains varied from 11% to 46%, while levels in all normal subjects NAc regions (n = 4) were at trace level (<1%), although no significant difference between groups was observed (Figures 3(a) and (b) ). In both MAOA and MAOB genes, significant differences were found in level of methylation of CpG sites between normal subjects and subjects with schizophrenia in PFC (Figure 4) . This finding is consistent with the significant difference found in total level of methylation in PFC between normal subjects and subjects with schizophrenia (Figures 3(a) and (b) ). Regions with many highly methylated CpG sites might be involved in the regulation of transcription, and further studies are needed to address this issue. An inverse correlation has been found between the percentage of highly methylated alleles and expression level of SRY-box containing gene 10, an oligodendrocyte-specific transcription factor [34] . This study also found that highly methylated alleles were more frequent in subjects with schizophrenia than in normal subjects in NAc in the case of the MAOA gene, and in NAc and PFC in the case of the MAOB gene.
Methylation Level Does Not Correlate with Dosage of Antipsychotic Agents
Both MAOA and MAOB antibodies gave significant specific staining of cells and subcellular structures in human brain tissue, but the cell distribution of staining was completely different and correlated with known monoamine cell groups [35] . We found differences in level of methylation among the four brain regions examined in normal subjects, but not in subjects with schizophrenia (Figures 3(c) and (d) ). The results of our study suggested that the methylation of genomic DNA might be one of the mechanisms to control the expression level of MAOA and MAOB in brain tissue. Aberrant methylation of genomic DNA thus appears to be detectable in subjects with schizophrenia, and a survey of this in greater detail will aid the understanding of the pathogenesis of schizophrenia, and in turn may yield novel strategies for drug development. To test the possibility that the present findings were due to pharmacotherapies that the subjects received, we examined the relationship between amounts of drugs used to treat schizophrenia and degree of methylation, but found no correlations.
Methodological Limitations
This study had several limitations. First, our finding in this study is made on a relatively older and smaller population and different race as shown in table1. It is still possible that the aging changes of the brain and different race have some effects on the DNA methylatin of MAO.
Further studies are warranted to examine the DNA methylation of MAO in postmortem brains of larger cohorts with the same race. Second, we have not yet succeeded in identifying cells expressing MAO proteins in humans because of the poor quality of antibodies available
CONCLUSION
In summary, we successfully determined DNA methylation of genomic DNA samples purified from postmortem brains by a bisulfite sequencing method. Our findings revealed various patterns of methylation of the MAOA and MAOB genes in DNA samples, and demonstrated that levels of methylation differ between the sexes and among brain regions in normal subjects and subjects with schizophrenia. Overall levels of methylation were quite low in NAc and PFC in female normal subjects compared with those in female subjects with schizophrenia. Since methylation in the 5' regulatory region of genes may affect the level of expression, further studies are needed to determine the levels and specific expression of MAOA and MAOB proteins in different types of cells in NAc and PFC of postmortem brain. and by a grant from the Fukushima Society for the Promotion of Medical Science to Qiaohui Yang. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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